Copper, zinc, and cerium oxide adsorbents supported on alumina were used to remove silane gas (SiH 4 ). The adsorbents were prepared using a coprecipitation method and characterized by the inductively coupled plasma mass spectrometry, X-ray powder diffractometer, and Brunauer-Emmett-Teller method (BET). The silane removal efficiency and adsorption capacity of the adsorbents were investigated in this study. Test results showed that the adsorbents containing active species had a removal efficiency Ͼ99.9% for SiH 4 before breakthrough. Adsorbents containing mixed oxides (CuO-CeO 2 / Al 2 O 3 and CuO-ZnO/Al 2 O 3 ), which showed well-dispersed active species and high BET surface areas, had a greater adsorption capacity than the adsorbents containing single metal oxide. However, when the CuO-ZnO/ Al 2 O 3 adsorbents contain Ͼ40 wt% of active metal oxides, the increase of active species lowered the BET surface area leading to a decrease of the adsorption capacity. Additionally, when the content of the active metal oxides was between 20% and 40%, the CuO-ZnO/Al 2 O 3 adsorbents demonstrated higher adsorption capacity.
INTRODUCTION
Silane gas (SiH 4 ) is widely used in the semiconductor industry in a variety of processes. It is often used to form a layer of silicon dioxide (SiO 2 ) in a chemical vapor deposition process. Used silane is then discharged as a residual gas into some point-of-use abatement systems. Silane is a pyrophoric gas, which spontaneously undergoes combustion in air with its concentration Ͼ1.4%.
In the semiconductor industry, thermal oxidation and dry adsorption are the two common methods used for silane treatment. Both methods have good abatement efficiencies for silane. 1, 2 Thermal oxidation type is more cost-effective for treating silane. However, dry adsorption is a preferred method for treating exhaust gases, which contain silane and arsine (AsH 3 ) simultaneously. AsH 3 , a highly toxic gas, will be converted to fine toxic As 2 O 3 particles by thermal oxidation. These fine toxic particles cannot be removed efficiently by the wet scrubber installed behind the thermal oxidizer and will be discharged into the ambient environment. Additionally, scrubbing water containing toxic arsenic particles must be treated by heavy metal removal process, which will increase the running cost. Therefore, dry adsorption is a preferred method under this circumstance.
Limited research has been reported in the literature on the dry adsorption of silane by metal oxides containing adsorbents. Some researchers studied the adsorption of toxic hydride gases, such as AsH 3 and pH 3 . Haacke et al. 3 found that activated carbon impregnated with copper and chromium is an effective medium to remove AsH 3 from the effluent gas. They also showed that AsH 3 was oxidized to As 0 , whereas metal Cu 2ϩ , coated on the activated carbon surface, was reduced to Cu 0 . Subsequently, As 0 and Cu 0 were further oxidized to As ϩ3 and Cu 2ϩ when the adsorbent was exposed to air. Colabella et al. 4 indicated that pH 3 adsorbed on the activated carbon would be oxidized to form P 2 O 5 or P 2 O 3 by introducing oxygen into the test system. Hardwick and Mailloux 5 treated AsH 3 by using the Novapure S510 adsorbent (Novapure Corp.), which also contained copper. The result shows IMPLICATIONS Dry adsorption by metal oxides is a better way to remove silane when arsine coexists in the exhaust stream of the diffusion process of the semiconductor manufacturing plant. The best composition of the active component has to be determined to increase the adsorption capacity. This study shows that the copper oxide is a good active species for removing silane, and the addition of zinc oxide or cerium oxide enhances the adsorption capacity of the adsorbent substantially.
that the S510 effectively removes AsH 3 by chemical adsorption with a high adsorption capacity of 4.5 mol/L. Based on the literature, it is known that copper oxide is commonly used as the active species for removing hydride gases. However, adsorbents using activated carbon as the support, as shown in the literature, 3, 4 are not safe for treating exhaust gases in the fab or sub-fab of the semiconductor industry because of their flammability. 6 Adsorbents of nonflammable support materials (e.g., metal oxides) are important, and the parameters influencing the adsorption capacity are also worth investigating.
Various sorption processes using the supported CuO adsorbents exist to remove the common air pollutants, such as SO 2 and nitrogen oxides (NO x ), from flue gas. 7, 8 The preparation process of metal adsorbents is similar to that of metal catalysts, which requires high activity, sensitivity, and stability. The widely used preparation methods for metal catalysts are described with their merits and demerits by Pinna. 9 He suggested that the coprecipitation method is a preferred procedure for preparing supported catalysts with a metal loading Ͼ10 -15% (wt/wt). ZnO is commonly added to CuO/Al 2 O 3 as a catalyst stabilizer, 10 which inhibits the formation of CuAl 2 O 4 and decreases the degree of crystallinity. El-Shobaky et al. 10 indicated that treatment of CuO with ZnO increased the specific surface area and total pore volume and hindered catalyst sintering. Recently, CeO 2 was added to the CuO/Al 2 O 3 adsorbent/catalyst for simultaneous removal of SO 2 and NO x from stack gases. 11 An improvement of the simultaneous removal of SO 2 and NO x was investigated using cerium-copper oxide as a regenerative sorbent. The best sulfation performance was observed when the sorbent with a 1:1 molar ratio of cerium and copper was used. 12 The objective of this study was to prepare and test the alumina-supported metal oxide adsorbents: CuO/Al 2 O 3 , were also prepared and tested for obtaining the optimized weight percent of the active species with a maximum adsorption capacity.
EXPERIMENTAL WORK Sample Preparation
The adsorbents used in this study were prepared by the coprecipitation of metal precursors in aqueous solution of copper (II) nitrate-3-hydrate, zinc (II) nitrate-6-hydrate, cerium (III) nitrate-6-hydrate, and aluminum (III) nitrate-9-hydrate. The synthesis procedure includes dissolving all of the precursors in the deionized water, stirring at 300 rpm, and heating at 80°C. Sodium carbonate was used to titrate the solution until its pH value reached ϳ6.8 -7. After stirring the solution for 12 hr, the samples were then washed with deionized water, dried in air at 393 K for 12 hr, and calcined in air at 823 K for 6 hr.
According to the monolayer dispersion phenomena, ϳ40 wt% of CuO can be uniformly dispersed on the surface of Al 2 O 3 support, and the adsorption capacity would be maximum. 13 Based on the published result, the content of the active component was first chosen as 40 wt% (see Table 1 ). To further investigate the effect of the active component content on the adsorption capacity, several adsorbent batches of different weight percentages with a fixed CuO-ZnO ratio (2:1) were used (refer to Table  2 ).
Characterization of the Adsorbent
The metal contents of the adsorbents were analyzed by the inductively coupled plasma (ICP)-mass spectrometry (model Agilent 7500S, Agilent Technologies). Before analysis, the samples were pretreated by microwave digestion (MDS2000, CEM).
The surface area of the adsorbent was determined by the Brunauer-Emmett-Teller (BET) method applied to the adsorption isotherms of N 2 , whereas the pore volume and the pore size distribution were determined by the BarretJoyner-Halenda method applied to the desorption isotherms of N 2 . Nitrogen adsorption/desorption isotherms were obtained by using an ASAP 2010 apparatus (Micromeritics Instrument Corp.).
The X-ray powder diffractometer (XRPD, model X-ray diffraction-6000, Shimadzu) was used to examine the crystalline structure of the adsorbents. The X-ray source used Cu as its target, and its working voltage and current were set at 40 kV and 30 mA, respectively. The scanning speed was 1°/min in the range of 5-90°.
The scanning electron microscopy ([SEM] model S4200, Hitachi) equipped with an energy-dispersive X-ray spectrometer ([EDS] model 432C-1sss, Noran Instrument) was used to obtain the micrographs and determine the elements on the adsorbent surface before and after the adsorption process. The acceleration voltage was 10 kV, and the amplification factor was 100 K.
The chemical states of compounds on the adsorbent surface were measured by the electron spectroscopy for chemical analysis ([ESCA] model ESCA Lab 250, Thermo Electron) before and after adsorption. The X-ray source used is Al K␣. The binding energies determined in the experiments corresponded with the C 1s (1s orbital of carbon) value of 284.6 eV.
Experimental Method for Testing SiH 4
Adsorption Capacity A fixed-bed adsorption system, shown in Figure 1 , was used to study the adsorption of SiH 4 gas at ambient temperature and pressure. The inlet concentration of SiH 4 was 1.2% (v/v), and the test gas flow rate was mostly 0.19 L/min. The cylindrical test chamber is made of stainless steel with an i.d. of 2.45 cm, packed with 30-cm 3 adsorbent. With the adsorption bed 6.1-cm long, the linear gas velocity is 0.67 cm/sec, and the residence time is 9.1 sec. To investigate the effect of linear gas velocity through the test bed on the adsorption capacity, the linear velocity was varied from ϳ0.33-1.63 cm/sec by adjusting the SiH 4 flow rate. The Fourier transform IR spectrometer (model I-2100, Midac) was used to measure the upstream and downstream silane concentration of the adsorption bed and to determine the adsorption efficiency and capacity of the adsorbents accordingly. A commercial dry adsorption barrel (model CV03S, CS), followed by an SiH 4 detector (model Polytron II, Drager), was installed at the end of the experimental system to treat the exhaust gas in the experimental system. This commercial adsorption device is normally used to treat the exhaust AsH 3 and pH 3 gases emitting from the implantation process of the semiconductor manufacturing plant.
The flow rate of the testing SiH 4 gas (1.2%, v/v) was adjusted using a mass flow controller. The flow rate, which was mostly 0.19 L/min, was checked before and after each SiH 4 adsorption testing by diluting the 1.2% SiH 4 gas with 99.999% nitrogen at a fixed flow rate ratio of 1:5 (SiH 4 :N 2 ). The SiH 4 concentration after dilution was measured to be ϳ2000 Ϯ 110 ppm, which was very close to the theoretical concentration of 2000 ppm. The results demonstrated the flow and concentration accuracy of the test system. SiH 4 gas was found to be adsorbed on the adsorbents, and the outlet SiH 4 concentration remained almost zero until the adsorbents were almost spent. Thereafter, the outlet SiH 4 concentration started to increase. The time duration, when the outlet concentration was Ͼ10 ppm (or the removal efficiency [RE] Ͻ99.9%), was defined as breakthrough time in this study. The SiH 4 RE is defined as follows:
where Ci is the influent SiH 4 volumetric concentration and Co is the effluent SiH 4 volumetric concentration. The adsorption capacity can be based on moles (ACm) or weight of adsorbents (ACw), which are defined as follows:
where MO represents all of the active metal oxides, Q (liters per minute) is the gas flow rate, Ci is the inlet SiH 4 volumetric concentration, T (minutes) is the breakthrough time, Ma (moles) is the number of moles of the active metal oxides used for testing, M SiH4 is the molecular weight of SiH 4 , and Wads (kilograms) is the weight of adsorbent used for testing. The capacity depends on the type of the adsorbent used for adsorption. After the test, nitrogen gas was first blown through the pipes to remove the residual SiH 4 gas, and the clean purge air was then allowed to pass through the tubes for 120 min before the adsorbent was removed from the test bed for further analysis.
RESULTS AND DISCUSSION
Characteristics of the Adsorbent The metal content of the adsorbents was measured by the ICP-mass spectrometry, and the results are shown in Table  3 . The table shows that the actual metal amount of the product is close to the expected value (within Ϯ10% of the error for Cu, Ϯ 25% for Zn, and Ϯ12% for Ce), which indicates that the current coprecipitation method is able to produce the adsorbents of the desired active components. Table 4 lists the BET surface area and the pore volume of the adsorbents shown in Table 1 (samples 1-7) . It shows that all adsorbents with 40% (wt) of the active metal oxides have the BET surface areas Ͼ100 m 2 /g. The adsorbents containing mixed metal oxides have greater Table 5 . The decrease is more obvious as the total weight percent increases from 40% to 90%. This finding is similar to that by Deng and Lin, 7 whose active species have a much smaller surface area. Such decrease in the surface area will lead to a sharp decrease in the adsorption capacity to be shown later. Figure 2 shows the pore distributions of samples 1 (CuO/Al 2 O 3 ), 2 (CuO-ZnO/Al 2 O 3 ), and 6 (CuOCeO 2 /Al 2 O 3 ). The pore volume peaks at the pore diameter of 40 -80 Å, and the mixed CuO-ZnO (sample 2) adsorbent has more pore volume existing in the small pore size range than the single CuO (sample 1) adsorbent. However, the pore volume distribution of the mixed CuOCeO 2 (sample 6) is quite similar to that of the CuO adsorbent (sample 1).
The XRPD patterns of adsorbents with different metal oxides (samples 1-7) are shown in Figure 3a . The single active metal oxide adsorbents are shown to have stronger XRPD peak intensity than those of the mixed oxides. For example, the adsorbent containing single active specie of 40% CuO (sample 1) shows narrow and strong diffraction peaks at 2 ϭ 35.6 and 38.8°(corresponding with the diffraction line of CuO crystallite). Similarly, sample 4 containing 40% ZnO shows sharp diffraction peaks at 31.8 and 34.8°(ZnO crystallite), and sample 5 shows sharp peaks at 28.5 and 47.4°(CeO 2 crystallite). In comparison, the broader and weaker XRPD peaks of adsorbents with mixed oxides suggest an amorphous-like phase or microcrystalline state. The results show that addition of Zn or Ce has a significant influence on the crystallite structure of the adsorbents. The mixed metal oxides can disperse well on the alumina to form a monolayer or submonolayer stable form. 13 Figure 3b shows the XRPD pattern of CuO-ZnO/ Al 2 O 3 adsorbents with different weight percentages of active components. The XRPD peak intensities of CuO crystallite appear to be present in the adsorbent with an active component loading Ͼ40%. The copper oxide and zinc oxide phases are present in an amorphous-like or microcrystalline state when the weight percentage of the active metal oxides is Ͻ40%.
Influence of Different Active Oxides on the Adsorption Capacity
The test results of the adsorption capacity for the adsorbents containing different active metal oxides are shown in Table 6 . The linear SiH 4 gas velocity is 0.67 cm/sec, and the gas residence time in the adsorption bed is 9.1 sec. Before breakthrough, the outlet SiH 4 concentration is zero, which indicates the adsorbents having an adsorption efficiency of Ͼ99.9%. The adsorption capacity of CuO-CeO 2 and CuO-ZnO adsorbents is almost the same when the ratio of CuO: CeO 2 or CuO:ZnO is 2:1 (wt/wt). The CuO-ZnO adsorbent will be more cost effective than CuO-CeO 2 because of the much cheaper price of zinc than that of cerium.
Influence of Weight Percentages of Metal Oxides on the Adsorption Capacity
The test results for different weight percentages of CuOZnO are shown in Table 7 . On a molar basis, the highest adsorption capacity of the adsorbent is at 0.23 mol SiH 4 /mol MO when the total CuO-ZnO is 30% by weight. However, on a mass basis, the adsorbent with 40% of CuO-ZnO has the highest adsorption capacity of 35.7 g SiH 4 /kg adsorbent because it contains more active components. To investigate the effects of active species (CuO and ZnO) content and BET surface areas on the SiH 4 adsorption capacity, test results are plotted in Figure 4 for illustration purposes. As Figure 4 shows, the adsorption capacities of adsorbents are similarly high when the weight percentage of active species (CuO-ZnO) is Ͻ40%, corresponding with the higher surface area. This is because of the well dispersion of the active species when the surface area of the adsorbent is large enough. However, if the amount of active oxides continuously increases, the BET surface area will decrease as shown in Table 5 because of the pore blockage in the alumina support. In addition, the crystals of the active oxides become larger (Figure 3b ). These phenomena result in a sharp decrease of the adsorption capacity from 35.7 to 3.7 g SiH 4 /kg adsorbent when the CuOZnO is increased from 40% to 90%. Influence of the Linear Gas Velocity on the Adsorption Capacity The influence of the linear gas velocity on the adsorptive capacity was studied using the CuO-ZnO/Al 2 O 3 adsorbent with 40 wt% of CuO-ZnO (CuO:ZnO ϭ 2:1). Different linear velocities were achieved by adjusting the flow rate of 1.2% SiH 4 . The operation conditions of this test and the results are summarized in Table 8 . The data show that the adsorption capacity of the adsorbent increases from 14.8 to 37.7 g SiH 4 /kg adsorbent with decreasing linear velocity from 1.63 to 0.33 cm/sec. The adsorption capacity remains almost the same when the linear velocity of SiH 4 gas is Ͻ0.71 cm/sec. It indicates that SiH 4 gas has sufficient time to diffuse into the pores and becomes adsorbed on the adsorbent when the linear velocity of SiH 4 gas is Ͻ0.71 cm/sec. In comparison, the contact time is inadequate for SiH 4 to diffuse and to be adsorbed on the adsorbent when the gas linear velocity is Ͼ0.71 cm/sec. The data obtained in Table 8 are useful for scaling up the fixed-bed adsorbent for SiH 4 treatment.
Surface Analysis of the Adsorbent
To understand the adsorption mechanism of SiH 4 , the surface analysis was conducted before and after the adsorption test. The typical SEM images of CuO-ZnO/Al 2 O 3 before and after adsorption are shown in Figure 5 . The figures reveal that there are some spherical particles coagulating on the surface of the adsorbents after adsorption.
From the EDS analysis, it is clear that some Si atoms are formed on the particle surface. It suggests that these particles may be made of Si, such as SiO 2 . The changes of the chemical states of Cu, Zn, and Al for CuO-ZnO/Al 2 O 3 adsorbents were measured by an ESCA before and after adsorption. Results show that there is no apparent change for the peak binding energy of the active components, such as Cu and Zn. However, an apparent change is observed at the binding energy peak of 101.9 eV (Figure 6 ). According to the reported data in the National Institute for Standards and Technology X-ray photoelectron spectroscopy database, 14 this binding energy can be assigned to the photoelectron at the 2p orbital of Si, of which the chemical state is in the form of SiO x , 0 Ͻ ϫ Ͻ 2. Based on these results, the reaction between SiH 4 and CuO can be inferred to be similar to that among AsH 3 , PH 3 , and 
